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Introduction 


In  I9I3  Elias  observed  an  elevation  of  blood  sugar  following 
intravenous  administration  of  hydrochloric  acid  (1).  This  obser¬ 
vation  was  confirmed  In  I927  by  Field  and  Newburgh  (2).  luch 
thought  has  been  given  to  the  mechanism  of  the  hyperglycemia  ac¬ 
companying  experimental  acidosis,  Haldane,  for  example,  believed 
the  hyperglycemic  effect  of  acidosis  to  be  due  to  an  Inability  of 
the  organism  to  store  glucose  rather  than  to  a  disturbance  of  glu¬ 
cose  oxidation.  Ee  based  his  conclusion  on  the  observation  of  de¬ 
creased  glucose  tolerance  without  ketonuria  or  change  in  the  res¬ 
piratory  quotient  that  followed  the  ingestion  by  man  of  ammonium 
chloride  (3,14) » 

Facilitation  of  glucose  storage  is  one  of  the  main  functions 
attributed  to  insulin.  It  might  be  hypothesized  on  the  basis  of 
Haldane's  results  that  experimental  acidosis  interfered  with  the 
function  of  insulin.  In  line  with  such  a  hypothesis  are  observa¬ 
tions  by  Guest  and  Eapoport  who  studied  the  influence  of  acidosis 
on  organic  phosphate,  esters  present  in  red  blood  cells  (5).  It 
is  an  established  fact  that  the  severe  acidosis  present  in  pre- 
comatose  and  comatose  diabetics  is  accompanied  by  a  significantly 
decreased  effectiveness  of  insulin.  No  valid  explanation  for  the 
decreased  insulin  sensitivity  is  available  as  yet,  as  can  be  seen 
from  the  following  quotation.  "It  is  generally  recognized  that 
patients  with  severe  diabetic  acidosis  are  peculiarly  refractory 
to  the  action  of  insulin...  The  cause  of  this  resistance  has  not 
been  ascertained...,"  (6). 

It  was  questioned  whether  such  an  effect  of  acids  on  insulin 
sensitivity  might  be  related  to  a  stimulation  of  the  pituitary- 
adrenal  system.  If  acidosis  were  accompanied  by  an  increased  out¬ 
put  of  carbonhydr ate -active  steroids  from  the  adrenals,  decreased 
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insulin  sensitivity  would,  have  to  follow  (7).  To  test  this 
hypothesis,  the  effect  of  experimental  acidosis  on  the  carbohy¬ 
drate  tolerance  of  normal,  dogs  was  compared  with  the  effect  on 
adrenalectomized  dogs.  As  will  be  brought  out  later,  additional 
observations  were  made  on  the  resistance  to  acidosis  of  normal 
untreated  adrenalectomized  dogs,  as  well  as  adrenalectomized  dogs 
given  adrenal  extracts  and/or  desoxycorticosterone . 
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Materials  and  Methods 

The  experiments  were  performed  on  trained*  unanesthetized* 
mongrel  dogs.  Adrenalectomy  was  carried  out  as  a  two  stage 
procedure*  observing  aseptic  technique ;  dorsolumbar  incisions 
were  utilized  for  exposure.  The  dogs  were  anesthetized  by  in¬ 
travenous  injection  of  nembutal.  The  right  adrenal  was  removed 
one  week  previous  to  the  left  adrenal.  The  second  procedure 
lasted  approximately  fifteen  minutes  from  incision  to  closure. 
Following  the  removal  of  the  second  adrenal  the  dogs  were  con¬ 
tinued  on  the  stock  kennel  food**  however*  drinking  water  was 
changed  from  tap  water  to  one  per  cent  saline.  Full  substitu¬ 
tion  therapy  was  carried  out  routinely  for  three  to  four  days 
postoperative ly  with  lee,  ”Lipo«Adrenal  Cortex”  (Upjohn)  and 
lcc.  of  "Adrenal  Cortex  Extract”  (Upjohn)  per  day.  After  this 
period  the  extracts  were  totally  or  partially  withdrawn  or  re¬ 
placed  by  desoxycorticosterone*  as  indicated  in  the  description 
of  the  particular  experiments.  The  desoxycorticosterone  used  was 
Organon^s  ”DOCA  Acetate”,  a  solution  of  desoxycorticosterone 
acetate  in  sesame  oil® 

The  HC1  solutions  used  for  the  production  of  acidosis  were 
dilutions  of  stock  1  N  HC1.  The  glucose  solution  used  for  in¬ 
travenous  tolerance  tests  was  obtained  from  sterile  ampules  of 
50$  Dextrose  in  water*  manufactured  by  the  "Philadelphia  Ampoule 
Laboratories”,  The  blood  for  chemical  analysis  was  withdrawn 
with  a  syringe  containing  one  drop  of  heparin  and  immediately 
placed  under  oil.  The  blood  samples  were  all  venous,  Tfee  fei^e4 
samples  w-e-ga-e  ail  ®  Serum  bicarbonate  (1)*  determinations 

were  carried  out  by  the  method  of  Van  Slyke  and  Neill  (8),  blood 
sugar  by  the  method  of  Hagedorn  and  Jensen  (9),  Serum  electrolyte 
determinations  were  performed  on  a  flame  photometer  by  the 
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by  the  Department  of  Internal  Medicine.  (2)* 

Previous  to  an  experiment  the  dogs  were  fasted  for  from 
twelve  to  eighteen  hours.  The  hydrochloric  acid  infusions  lasted 
ten  to  twenty  minutes  depending  on  the  volume  of  fluid  to  be  in¬ 
troduced.  The  glucose  tolerance  tests  were  performed  by  injection 
of  one  gram  of  glucose  per  kilo,  as  5 0 %  glucose  in  water,  injected 
over  a  period  of  fifteen  seconds.  At  the  end  of  the  intravenous 
infusion  of  acid  a  blood  sample  was  taken,  the  needle  left  in 
place,  and  the  glucose  injected  immediately  thereafter.  The 
following  blood  samples  were  taken  at  the  Indicated  intervals. 


Footnote  (1)#  The  expression  of  serum  CO2  content  as  bicarbon¬ 
ate  concentration  in  the  absence  of  serum  pH  determinations  is 
of  course  an  approximation.  However,  it  is  felt  that  this  ap¬ 
proximation  is  valid  for  the  present  discussion. 

Footnote  (2)*  The  author  is  indebted  to  Miss  Pauline  Held 
for  the  performance  of  these  determinations. 
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Results 

Glucose  Tolerance  Before  and  After  Production  of  Acidosis  in 
Normal  Bogs  ~ 

Table  I  contains  the  data  obtained  from  four  normal  dogs. 

It  is  evident  that  the  blood  sugar  values  obtained  in  glucose 
tolerance  experiments  are  significantly  higher  during  acidosis 
than  at  normal  bicarbonate  values.  In  confirmation  of  previous 
observations  by  Elias  (1),  there  is  a  slight  but  significant 
rise  in  blood  sugar  during  the  infusion  of  the  acid;  i.e.,  before 
the  injection  of  glucose.  Figure  1,  containing  the  data  obtained 
from  dog  #3,  illustrates  this  relationship. 

Glucose  Tolerance  During  Acidosis  in  Adrenalectomized  Dogs  - 

As  can  be  seen  from  experiments  b  and  c  in  Table  II,  there 
is  no  significant  difference  between  the  response  of  normal  dogs 
and  a  bilaterally  adrenalectomized  dog  maintained  with  DOCA .  The 
data  from  dog  #2  (Table  I),  and  Figures  2  and  3  suggest  that  the 
degree  of  decreased  tolerance  is  related  to  the  degree  of  acidosis, 
since  the  level  of  bicarbonate  is  inversely  related  to  the  height 
of  the  blood  sugar  curve  * 

The  Response  of  Adrenalectomized  Dogs  to  Acidosis  - 

It  was  recognized  early  in  the  course  of  this  study  that  an 
amount  of  acid  that  will  produce  a  mild  acidosis  in  normal  dogs, 
in  adrenalectomized  dogs  causes  very  severe  acidosis  leading 
easily  to  fatality.  However,  on  further  investigation,  It  has 
been  found  that  the  lowest  bicarbonate  values  reached  immediately 
after  termination  of  the  Infusion  of  acid  doens  not  seem  to  differ 
significantly  between  normal  and  adrenalectomized  dogs.  Whereas 
the  bicarbonate  values  of  the  former  start  to  Increase  promptly 
and  continue  to  rise  until  they  approach  the  pre -experiment  level. 


. 

, 

- 


the  values  of  the  latter,  in  the  post-infusion  period,  either 
remain  at  their  lowest  level  (Table  III,  Exp*  a  )  or  even  con¬ 
tinue  to  decline  (Table  IV}® 

The  similarity  of  the  bicarbonate  values  at  the  end  of  the 
infusion  would  indicate  that  the  buffer  capacity  of  the  blood  has 
not  decreased  markedly  in  the  adrenalectomized  dog  kept  only  on 
saline.  The  difference  then  must  lie  in  some  other  factors 
responsible  for  the  restoration  of  acid-base  equilibrium. 

The  question  arose  as  to  whether  substitution  therapy  of  the 
cortex  is  able  to  prevent  this  inability  to  restore  the  serum 
bicarbonate.  Indeed,  an  adrenalectomized  animal  kept  on  full 
substitution  therapy  behaved  like  normal  animals;  i.e.,  the  bi¬ 
carbonate  values  approach  normal  in  the  post-infusion  period 
(Table  II,  Exp.  a  )» 

It  was  highly  interesting  to  observe  that  the  same  steady 
return  to  normal  bicarbonate  values  also  occurred  in  adrenalec¬ 
tomized  dogs  kept  exclusively  on  large  amounts  of  DOCA  (Table  II, 
Exp.  b  and  c;  Table  III,  Exp.  c,  d  and  e).  When  in  further  studies 
on  the  same  adrenalectomized  dog  the  daily  maintenance  amount  of 
DOGA  was  decreased  from  5*0  mg,  to  0.5  mg.,  it  was  observed  that 
with  this  decreasing  amount  of  DOCA  the  return  of  bicarbonate 
values  in  the  post-infusion  period  proceeded  at  a  slower  rate 
(Figure  I4)®  If  DOCA  was  completely  omitted  the  post-infusion 
values  remained  at  their  low  levels,  or  as  mentioned  above,  they 
decreased  still  further. 

In  line  with  the  above  statement  concerning  the  immediate 
post-infusion  bicarbonate  values,  the  few  data  on  sodium,  chloride, 
and  potassium  concentrations  in  plasma  obtained  at  the  start  of 
the  previously  described  experiments  indicate  no  significant 
differences  between  normal  and  adrenalectomized  animals. 
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Glucose  Tolerance  Before  and  After  Production  of  Acidosis  in 


Normal  Dogs 


Dog  Acid 

Deter¬ 

mination 

Normal 

End  of  acid 
infusion 

5  Min.*1 

30  Min. 

120  Min 

#2  ItmM/Kg. 
N/5  HCl 

B.S  *§ 
HCOj*5 

95 , 
52. 

257 

57.9 

to 

60 

lt5-8 

6 .  BmM/Kg. 
N/4  HCl 

B.S. 

ECOj 

82 

i|0.8 

12Ji 

16. 3 

287 

0.9 

19  2 

I8.9 

102 

20.3 

#3  None 

B.S. 

72 

- 

192 

102 

70 

5t  mM/Kg. 
N/lj.  HCl 

B.S. 

HCOj 

61 

I4I4 .2 

82 

7.6 

355 

i5.7 

180 

27.it 

118 

33.2 

#i|  None 

B.S. 

129 

- 

226 

102 

81 

6mM/Kg. 
N/lj  HCl 

B.S. 

KCO3 

88 

5i+  •  7 

107 

IO.3 

330 

22.2 

I83 

28.9 

72 

jlt-7 

#6  None 

<* 

95 

- 

268 

95 

58 

6imM/Kg. 
N/lj  HCl 

B.S. 

HCO^ 

79  , 

lt5.lt 

107 

16. 7 

309 

20.2 

201 

23.6 

107 

23.1 

*1  Time  intervals  measured  from  end  of  glucose  injection. 
#2  Blood  Sugar  in  mg.^. 

#3  Serum  bicarbonate  in  Vols,$. 
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Figure  1. 

Data  from  Dog  #3  (Table  I) 


Glucose  tolerance  curves  in  a  normal  dog  before  and  during 


acidosis 
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Figure  2. 

Data  from  Table  III 


©/ 

mg.  /o 


Glucose  tolerance  curves  in  an  adrenalectomized  dog  during  differ*- 
ent  degrees  of  acidosis®  Increasing  degrees  of  acidosis  in  the 
following  order:  e,  d,  c ,  b,  a®  Compare  with  Figure  3  containing 
the  values  of  bicarbonate  concentrations  for  these  different  curves. 
The  blood  sugar  level  before  the  injection  of  glucose  is  taken 
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Figure  5. 

Data  from  Table  III 


Vols.  % 


Bicarbonate  concentrations  following  acid  infusion  into  an 
adrenalectomized  dog.  The  corresponding  glucose  tolerance  curves 
are  contained  in  Figure  2» 


G-  This  symbol  Indicates  the  completion  of  the  acid  infusion. 
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Figure 

Data  from  Table  III 


Bicarbonate  concentrations  following  acid  infusion  into  an 
adrenalectomized  dog.  The  values  represent  the  fall  of  bicarbon¬ 
ate  from  the  pre-injection  level,  indicated  as  zero. 
cjd*e j  The  dog  was  treated  with  5.0  mg.  DOCA  daily. 

Acid  amounts  infused  -  c  -  7  mM/Kg. 

d  -  5  mM/Kg, 

e  -  Zi  mM/Kg, 

b;  The  dog  was  treated  with  0*5  mg.  DOCA  daily, 
aj  The  dog  was  treated  with  no  DOCA. 

Acid  amounts  Infused  -  b  -  Yi  mM/Kg. 

a  -  7§  mM/Kg. 
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Acidosis  -  Carbonhydrate  Metabolism  - 

If  experimental  acidosis  were  to  lead  to  an  increased  output 
of  carb dehydrate -active  steroids  from  the  adrenal  cortex*  and  if 
this  output  should  be  responsible  for  the  decrease  of  carbonhy¬ 
drate  tolerance*  differences  of  glucose  tolerance  between  adren- 
alectomized  and  non-adrenalectomized  animals  during  the  acidosis 
should  be  demonstrable.  Since  this  was  not  the  case*  it  can  be 
assumed  that  this  stimulation  was  lacking.  In  line  with  such  an 
assumption  are  unpublished  observations  by  Pry  who  found  that  ad¬ 
ministration  of  ammonium  chloride  to  rats  did  not  lead  to  a  de¬ 
crease  in  adrenal  ascorMc  acid  (10). 

To  what  degree  a  long-standing  acidosis  contributes  to  the 
decrease  in  insulin  sensitivity  In  acidohic  diabetics  can  not  be 
concluded  from  the  above  experiments.  The  observed  increased  out¬ 
put  of  carbohydrate-active  steroids  in  diabetic  acidosis  (11) 
might  contribute  significantly  to  the  decrease  in  insulin  sensi¬ 
tivity  so  characteristic  for  this  acidosis*  even  if  an  influence 
of  the  adrenal  on  glucose  tolerance  could  not  be  demonstrated  in 
the  acute  experiments  reported  in  this  paper. 

In  any  consideration  of  the  possible  mechanism  of  the  action 
of  acidosis  on  carbohydrate  metabolism  thought  should  not  be  con¬ 
fined  solely  to  interference  with  the  action  of  insulin.  It 
should  not  be  overlooked  that  acidosis  is  directly  related  to 
many  changes  in  the  organism  which  are  in  themselves  capable  of 
affecting  carbohydrate  metabolism.  In  I92I4  Haldane  described 
the  occurrence  of  negative  balances  of  phosphate*  potassium*  and 
calcium  during  ammonium  chloride  acidosis  in  man  (1^,12)*  Many 
results  have  been  obtained  since  the  publication  of  these  exper¬ 
iments  which  intimately  relate  these  inorganic  ions  to  carbohy- 
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drate  metabolism. 

Prom  observations  of  the  change  of  serum  inorganic  phosphate 
(SIP)  concentration  after  administration  of  glucose  (13)  or 
insulin  (1^,15),  it  has  been  concluded  that  SIP  is  in  some  way. 
connected  with  the  transfer  of  glucose  across  cell  membranes 
(16,17)®  Whether  movements  of  glucose  can  be  initiated  by  changes 
in  the  SIP  concentration  is  still  in  dispute.  Some  investigators 
have  observed  decreased  glucosuria  following  phosphate  adminis¬ 
tration  to  diabetics  (18,19)®  In  the  rat,  however,  administration 
of  phosphate  with  glucose  does  not  significantly  alter  the  glu¬ 
cose  tolerance  (20), 

In  contract  to  the  uncertainty  concerning  the  effect  of 
phosphate  or  carbohydrate  metabolism,  definite  Information  exists 
with  regard  to  the  role  played  by  potassium.  It  has  only  re¬ 
cently  been  demonstrated  that  a  cellular  deficiency  of  potassium 
will  decrease  the  glucose  tolerance  of  rats  (21)®  It  is  ques¬ 
tionable  whether  a  cellular  deficiency  of  potassium  of  sufficient 
degree  to  produce  such  an  effect  was  produced  by  the  acidosis 
herein  described. 

The  studies  of  Underhill  in  I9II4  were  the  first  to  suggest  a 
relationship  between  serum  calcium  concentration  and  blood  sugar® 
This  author  demonstrated  that  a  Iovj  blood  sugar  following 
thyreopar a thyroidectomy  could  be  restored  to  normal  by  injection 
of  calcium  (22,23)®  This  low  blood  sugar  was  not  observed  by 
other  investigators  (13)®  It  was  later  shown,  however,  that  the 
glucose  tolerance  of  a  parathyroidectomized  dog  was  directly  re¬ 
lated  to  its  serum  calcium  concentration  at  the  start  of  the 
test  (13)®  These  authors  did  not  take  into  consideration  the 
possible  variations  of  phosphate  under  these  experimental  condi- 
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t ions,  thus  necessitating  further  work  to  establish  the  implied 
relationship. 

There  is  much  evidence,  therefore,  to  associate  the  move¬ 
ments  of  phosphate,  calcium,  and  potassium  known  to  occur  during 
acidosis  with  the  observed  decreased  glucose  tolerance.  However, 
complete  balance  studies  measuring  both  intra  and  extracellular 
electrolytes  will  be  required  before  any  definite  statement  can 
be  made  as  to  the  extent  to  which  they  are  involved  in  the  demon¬ 
strated  effect  of  acidosis  on  carbohydrate  metabolism. 

Acidosis  -  Adrenal  Glands  - 

In  the  course  of  studies  on  the  relationship  of  acidosis  to 
glucose  tolerance,  it  was  observed  that  the  ability  of  the  adrenal- 
ectomized  dog  to  compensate  for  an  experimental  acidosis  is  greatly 
diminished  as  compared  with  the  normal  dog.  It  was  further  ob¬ 
served  that  DOCA  is  capable  of  preventing  this  deficiency.  Pitts 
has  observed  a  similar  phenomenon  in  rats  in  which  he  produced 
chronic  acidosis  with  daily  injections  of  ammonium  chloride  (2(|). 

The  decreased  ability  of  the  adrenalectomized  animal  to  con¬ 
serve  sodium  seems  to  offer  an  appropriate  explanation  for  this 
observation.  By  the  uninhibited  urinary  excretion  of  sodium 
following  the  administration  of  chloride,  the  amount  of  sodium 
available  in  the  extracellular  fluid  for  formation  of  bicarbonate 
has  to  diminish  progressively.  Pitts,  however,  offers  an  alternate 
explanation.  This  author  feels  that  the  defect  in  the  adrenal¬ 
ectomized  animals  may  be  found  in  the  decreased  ability  of  their 
kidneys  to  produce  ammonia,  thereby  preventing  the  body  from  con¬ 
serving  sodium.  Jiminez-Diaz  has  also  concluded  that  the  adrenal 
steroids  have  a  primary  effect  upon  renal  ammonia  production  (2 £>) . 
His  conclusions  are  based  on  results  of  in  vitro  deamination 
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experiments  using  dl-alanine  as  substrate.  Since  it  is  now 
known  that  glutamine  is  the  major  source  of  urinary  ammonia  (2$)* 
these  experiments  do  not  seem  to  be  conclusive.  The  diminished 
ammonia  production  observed  by  Pitts  in  his  ammonium  chloride  in¬ 
jected  rats  and  by  Loeb,  et  al  (29),  and  Jiminez»Diaz  (2f>)  in 
patients  with  Addison’s  disease  can  be  adequately  explained  by 
the  established  primary  inability  of  the  renal  tubules  to  re¬ 
absorb  sodium.  The  question  as  to  whether  there  is  an  additional 
direct  effect  of  the  steroids  on  renal  ammonia  production  remains 
unanswered.  This  problem  is  the  subject  of  further  study. 
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Summary 


1)  Experimental  acidosis  will  decrease  the  glucose  tolerance 
of  dogs  independent  of  the  presence  or  absence  of  the  adrenal 
glands , 

2)  The  height  of  the  blood  sugar  curve  varies  inversely  with 
the  level  of  serum  bicarbonate, 

5)  The  adrenalectomized  dog  cannot  restore  his  serum  bi¬ 
carbonate  concentration  following  an  infusion  of  hydrochloric 
acid  as  does  the  normal  dog, 

I4 )  DOCA  administration  restores  the  ability  of  the  adrenal¬ 
ectomized  dog  to  compensate  for  the  experimental  acidosis  in  the 
same  way  as  the  normal  dog, 

5)  Possible  mechanisms  involved  in  the  effect  of  acidosis 
on  carbohydrate  metabolism,  and  in  the  inability  of  the  adren¬ 
alectomized  dog  to  compensate  for  experimental  acidosis  have  been 
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